Synaptic vesicle accumulation and morphological changes are characteristic features of axon terminal differentiation during synaptogenesis. To investigate the regulatory mechanism that orchestrates synaptic molecules to form mature presynaptic terminals, we visualized a single axon terminal of zebrafish olfactory sensory neurons in vivo and examined the effects of the neuron-specific gene manipulations on the axon terminal differentiation. Synaptic vesicles visualized with vesicle-associated membrane protein 2 (VAMP2)-enhanced green fluorescent protein (EGFP) fusion protein gradually accumulated in axon terminals, whereas the axon terminals visualized with GAP43 fused with EGFP remodeled from complex shapes with filopodia to simple shapes without filopodia from 50 h postfertilization (hpf) to 84 hpf. Expression of dominant-negative protein kinase A (PKA) or cAMP response element-binding protein (CREB) suppressed the VAMP2-EGFP punctum formation in axon terminals during synaptogenesis. Consistently, constitutively active PKA or CREB stimulated VAMP2-EGFP puncta formation. On the other hand, cyclosporine A treatment or suppression of nuclear factor of activated T cells (NFAT) activation prevented the axon terminal remodeling from complex to simple shapes during synaptogenesis. Consistently, expression of constitutively active calcineurin accelerated the axon terminal remodeling. These results suggest that calcineurin-NFAT signaling regulates axon terminal remodeling, and PKA-CREB signaling controls synaptic vesicle accumulation.
Introduction
Brain function is based on highly complex neural networks and their dynamics. Synaptic transmission requires elaborate structural specializations in both presynaptic and postsynaptic cells. The presynaptic terminal is hallmarked by a large number of synaptic vesicles orderly clustered around the active zone where synaptic vesicles dock and fuse (Dresbach et al., 2001) . Synaptic vesicles are enriched with the proteins including vesicleassociated membrane protein 2 (VAMP2), synaptophysin, rab3A, synaptic vesicle protein 2, and synaptotagmin (Elferink and Scheller, 1993) . In contrast, the active zone is enriched with several cytoskeletal proteins such as Piccolo/Aczonin and Bassoon . Many neurons synthesize synaptic machinery through intrinsic programs before cell-cell interactions (Ahmari et al., 2000; Zhai et al., 2001 ). The initial interaction between the presynaptic and postsynaptic cells triggers intracellular signals that induce assembly of preexisting synaptic machinery and a series of events that locally alter the structures of both cells to form a stable synapse (Vardinon-Friedman et al., 2000) . Presynaptic differentiation and maturation is accompanied often by characteristic features including synaptic vesicle accumulation in the axon terminal, active zone formation, and change in cytoskeletal and membranous organizations (Kullberg et al., 1977; Hamori and Somogyi, 1983; Dent et al., 1999) .
Evidence is accumulating that several cell adhesion molecules such as ␤-neurexin, SynCAM, and N-cadherin are involved in the axon terminal differentiation of cultured neurons (Scheiffele et al., 2000; Biederer et al., 2002; Togashi et al., 2002; Dean et al., 2003) . In addition, target-derived factors such as WNT-7a, fibroblast growth factor (FGF) 22, and their downstream signals are important for presynaptic development (Hall et al., 2000; Tokuoka et al., 2002; Umemori et al., 2004) . Furthermore, genetic approaches in Drosophila and Caenorhabditis elegans identified diverse genes involved in the presynaptic differentiation, including genes for a Ser/Thr protein kinase, a microtubule-associated protein, a ubiquitin ligase, and a scaffold protein (Jin, 2002) . Although large numbers of molecules are probably involved in synaptogenesis, intracellular signaling that orchestrates them to form mature presynaptic terminals is poorly understood. Intracellular levels of Ca 2ϩ and cAMP are involved in the regulation of CCACCGTACTCGTC-3Ј) using pTet-On (Clontech) as a template. The VP16-CREB sequence was obtained by PCR using these two DNA fragments as templates. The 0.7 kb coding sequences of glutathione Stransferase (GST)-VIVIT and GST-control peptide (CP) were generated by PCR with primers 5Ј-TCATGACCCCTATACTAGGTTATTG-3Ј and 5Ј-TCTAGATCACTCCTCGTGGGGGCCGGTGATGACGATGACG-GGGTGGGGGCCGGCCATGGTGGATCCACGCGGAACCAG-3Ј and with primers 5Ј-TCATGACCCCTATACTAGGTTATTG-3Ј and 5Ј-TCTAGATCACATGATGATCTCGCCGGGGGTGACGTGCTCGA-CGGCGGGGGGGCCGTGGATGGTGGATCCACGCGGAACCAG-3Ј using pGEX-2TK (Amersham Biosciences, Uppsala, Sweden) as a template, respectively; the sequences of VIVIT and CP peptides are MAGPHPVIVIT-GPHEE and IHGPPAVEHVTPGEIM, respectively. These PCR fragments were subcloned into pCRII-TOPO vector (Invitrogen, Grand Island, NY) or pBluescript II SKϩ vector. The 1.2 kb EcoRI-BspLU11I fragment from the mouse caCN coding sequence, the 0.25 kb NcoI-EcoRI fragment from the A-CREB coding sequence, the 0.6 kb NcoI-EcoRI fragment from the VP16-CREB coding sequence, the 0.8 kb BspHI-EcoRI fragment from the GST-VIVIT coding sequence, and the 0.8 kb BspHI-EcoRI fragment from the GST-CP coding sequence were ligated with the 2.7 kb NotI-BspLU11I fragment from the 5Ј upstream sequence of the zebrafish omp gene , the 3.0 kb EcoRI-BglII fragment from the 3Ј downstream sequence of the zebrafish omp gene, and the 3.0 kb BamHI-NotI fragment from pBluescript II SKϩ to yield Pomp-caCN, Pomp-ACREB, Pomp-VP16CREB, Pomp-GST-VIVIT, and Pomp-GST-CP, respectively. The 2.7 kb omp promoter-driven constitutively active form of mouse PKA ␣ catalytic subunit expression vector (Pomp-PKA*) and dominant-negative form of the mouse type I regulatory subunit expression vector (Pomp-dnPKA) were described previously . Double-cassette vectors were constructed by inserting the effector cassettes into Pomp-GG, Pomp-TG, and Pomp-VG in the tail-to-head manner. The 2.0 kb DNA fragment encoding the amino acid residues 1-680 of mouse Bassoon (tom Dieck et al., 1998; Dresbach et al., 2003) , the 0.8 kb enhanced yellow fluorescent protein (EYFP) coding sequence from pEYFP-N1 (Clontech), and 3.0 kb EcoRI-BglII fragment from the 3Ј downstream sequence of the zebrafish omp gene were fused and placed under the control of the 2.7 kb NotI-BspLU11I fragment from the 5Ј upstream sequence of the zebrafish omp gene to yield Pomp-Bassoon-EYFP. The 0.4 kb rat VAMP2 coding sequence, the 0.8 kb enhanced cyan fluorescent protein (ECFP) coding sequence from pECFP-N1 (Clontech), and the 3.0 kb 3Ј downstream sequence of the zebrafish omp gene were fused and placed under the control of the 2.7 kb 5Ј upstream sequence of the zebrafish omp gene to yield Pomp-VAMP2-ECFP. The 1.2 kb XhoI-BamHI fragment of Xenopus elongation factor 1␣ (EF1␣) promoter from pT2KXIG (a gift from Dr. K. Kawakami, National Institute of Genetics, Mishima, Japan), the 0.7 kb BamHI-BsrGI fragment from pECFP-N1, and the 3.5 kb XhoIBsrGI fragment from pd2EGFP-N1 (Clontech) were ligated to yield PEF1␣-d2ECFP. The EGFP coding sequence of pCRE-d2EGFP (Clontech) was replaced by the EYFP coding sequence to yield pCRE-d2EYFP. A linker sequence containing a BamHI site was inserted into the NotI site of pCRE-d2EYFP to yield pB-CRE-d2EYFP. The 1.6 kb BamHI fragment from pB-CRE-d2EYFP was inserted into the BglII site of PEF1␣-d2ECFP to yield PEF1␣-d2ECFP-CRE-d2EYFP. Microinjection of DNA into zebrafish embryos. Expression vectors were linearized by SpeI or XhoI and dissolved in 100 mM KCl containing 0.05% phenol red. Approximately 0.2-0.5 nl of the DNA solution at the concentrations of 50 -100 ng/l was injected into the cytoplasm of the oneto four-cell embryos.
Generation of transgenic zebrafish lines. The 0.5 kb zebrafish tbr1 cDNA fragment was obtained by RT-PCR using total RNA extracted from 24 hpf embryos with primers (5Ј-TCTGGTCTCGACCCAACG-3Ј and 5Ј-GTCAACCGATCGATGTCGC-3Ј). By screening a zebrafish P1-derived artificial chromosome library (Incyte Genomics, St. Louis, MO) using the PCR fragment as a probe, we isolated the tbr1 gene. The 0.8 kb EYFP coding sequence from pEYFP-N1 and the 0.2 kb BsrGI-XhoI fragment from EGFP-SV40polyA were fused and placed under the control of the 10 kb EcoRI-XhoI fragment containing the 5Ј upstream sequence and 12 bp N-terminal coding sequence of the zebrafish tbr1 gene to yield Ptbr-EYFP. The 0.4 kb PvuII fragment from pBluescript II SKϩ carrying multicloning site was inserted between the PvuII and SnaBI sites of pGBT9 vector (Clontech) to yield pGBT-MCS. The 4.7kb KpnI-SacI fragment from pTol2000 (Kawakami and Noda, 2004) was inserted between the KpnI and SacI sites of pGBT-MCS to yield pGBT-T2K. The 11 kb EcoRIApaI fragment from Ptbr-EYFP was inserted between the EcoRI and ApaI sites of pGBT-T2K to yield pGBT-T2␦-tbr-EYFP. The 6.9 kb NotI-XhoI fragment from Pomp-VAMP2-ECFP was inserted between the NruI and XhoI sites of pTol2000 to yield pT2␦-omp-VAMP2-ECFP. Approximately 0.2-0.5 nl of solution containing 50 -100 ng/l pGBT-T2␦-tbr-EYFP and pT2␦-omp-VAMP2-ECFP, 25 ng/l Tol2 mRNA (gift from Dr. Kawakami), 100 mM KCl, and 0.05% phenol red was injected into zebrafish fertilized eggs. Injected fish were maintained to sexual maturity and crossed with wild-type fish to examine the transmission of the transgene to the next generation. For observation of development of neural contacts in the olfactory system, F1 fish of Ptbr-EYFP and Pomp-VAMP2-ECFP lines were crossed.
Immunohistochemistry. Zebrafish embryos at 60 and 84 hpf of the omp promoter-driven VAMP2-ECFP transgenic line were frozen in OCT (Tissue-Tek, Miles, Elkhart, IN), sectioned at a 10 m thickness, and then fixed with 4% paraformaldehyde for 30 min at room temperature. After the sections had been washed with PBS and blocked with 2% bovine serum albumin in PBS for 1 h, they were incubated with the rabbit anti-GFP antibody (1:2000; Molecular Probes, Eugene, OR) and mouse anti-syntaxin antibody (1:200; Sigma, St. Louis, MO) overnight at room temperature in blocking solution. Samples were visualized with antimouse IgG-Alexa Fluor 546 (1:1000; Molecular Probes) and anti-rabbit IgG-Alexa Fluor 488 (1:1000; Molecular Probes) for 1 h at room temperature.
Microscopy. Zebrafish embryos expressing reporter genes in olfactory sensory neurons at 28 -29 hpf were screened by a fluorescent microscope using NIBA filter (Olympus, Tokyo, Japan). Screened embryos were then mounted in 1% low-melting point agarose in EM containing 0.02% 3-aminobenzoic acid ethyl ester (tricaine; Sigma) with their heads toward the glass bottom of a dish at 36, 60, and 84 hpf. Embryos were imaged by a MRC-1024 confocal microscope (Bio-Rad, Hercules, CA) with an argon laser using a water immersion LUMPlanFL/IR2 60ϫ objective lens (Olympus): zoom setting, 5.0 for single axon terminal; Z-step, 1-2 m; image size, 512 ϫ 512 pixels. BODIPY505/515 labeling of embryos was performed as described by Dynes and Ngai (1998) . The EYFP and ECFP signals in zebrafish embryos were imaged by the Radiance 2100 confocal scanning system (Bio-Rad) using a Nikon 60ϫ water lens [numerical aperture (NA), 1.00]: zoom setting, 1.0; Z-step, 4 m; image size, 512 ϫ 512 pixels.
Cyclosporine A treatment. Zebrafish embryos injected with Pomp-GG or Pomp-VG were dechorionated and soaked in the EM containing 0.1% ethanol with or without 100 M suspension of cyclosporine A from 30 to 84 hpf. Treated embryos were mounted in 1% low-melting agarose in EM at 60 and 84 hpf for microscopy.
CRE reporter gene assay. PEF1␣-d2ECFP-CRE-d2EYFP-injected embryos were mounted in 1% low-melting agarose in EM at 24, 36, 48, 60, 72 , and 84 hpf. ECFP-positive cells in the olfactory placode were imaged by the Radiance 2100 confocal scanning system (Bio-Rad) using a Nikon 60ϫ water lens (1.00 NA): zoom setting, 1.0; Z-step, 3 m; image size, 512 ϫ 512 pixels. Power, gain, and iris setting of argon and heliumcadmium lasers were fixed through all the image acquisitions (laser power, 80%; gain, 80%; iris, 5; sequential mode).
Image processing. All quantitative measurements were made on the computer screen using the NIH Image 1.62 in the blind manner with respect to the expression vectors injected. For measurements of axon terminal morphology and VAMP2-EGFP puncta, z series optical sections were projected by the brightest point method and smoothened by the rank filter method. The outline of an axon terminal was traced from the first branch point or from the point where axonal width was three or more times wider than that of the axon shaft. The trace and the enclosed region were defined as the perimeter and area of the axon terminals, respectively. The complexity was given by dividing the square of the perimeter by the area. The stretch of the axon terminal was determined as the distance between the two furthest points within the area. The VAMP2-EGFP punctum was defined as an area larger than five pixels in which the intensity of VAMP2-EGFP signals was five or more times stronger than that of nonvaricose and nonpunctate axonal shaft on the same axon. Axons longer than 10 m were used for measurements. Expression levels of d2ECFP and d2EYFP in each cell were measured as the optical mean density within a circle with 6 m diameter enclosing the cell body. Statistical significance was evaluated by two-way ANOVA. When the interaction was significant, unpaired t test or Dunnett's test was used. One-way ANOVA was used for the statistical analysis of developmental changes of the axon terminal morphology, VAMP2-EGFP puncta, and CRE-mediated d2EYFP expression.
Results
Development of zebrafish olfactory sensory neuron projection in the olfactory bulb Axons of zebrafish olfactory sensory neurons begin to extend toward the olfactory bulb at ϳ22 hpf, reach the target sites, and stop the extension at ϳ50 hpf (Dynes and Ngai, 1998; . Then, a stereotyped pattern of glomeruli in the olfactory bulb, the anatomical basis for an olfactory sensory map (Ressler et al., 1994; Vassar et al., 1994; Mombaerts et al., 1996; Friedrich and Korsching, 1997) , is manifested between 2 d postfertilization (dpf) and 3.5 dpf (Wilson et al., 1990; Dynes and Ngai, 1998) . To confirm the synaptogenesis period, we monitored the axon terminal development of olfactory sensory neurons using olfactory sensory neuron-specific omp promoter and VAMP2 fused with ECFP as a well characterized marker of synaptic vesicles (Miesenbock et al., 1998; Nonet, 1999; Ahmari et al., 2000) . In the developing olfactory bulb, the target areas for olfactory sensory neurons are visualized by BODIPY dye as plaque-like structures at ϳ50 hpf, and these structures grow to form a stereotyped pattern of glomeruli at 84 hpf, as described by Dynes and Ngai (1998) . In transgenic fish, the omp promoter directed the expression of VAMP2-ECFP in olfactory sensory neurons from 22 hpf, as described previously . The weak VAMP2-ECFP signals were distributed in cell bodies and axons at 36 hpf, a stage when axons of olfactory sensory neurons actively extended in the olfactory bulb (Fig. 1 A) . BODIPY dye staining showed no neuropil-like acellular structures in the olfactory bulb at 36 hpf (Fig. 1 A) . At 50 hpf, BODIPY-labeled structures appeared in the olfactory bulb, and several of them merged with VAMP2-ECFP signals in olfactory neuron axon terminals (Fig. 1C, arrow) . Accumulation of VAMP2-ECFP signals in the axon terminal within BODIPYlabeled areas and enlargement of BODIPY-labeled structures further proceeded at 60 hpf ( Fig. 1 E, arrows) . Intense VAMP2-ECFP signals merged with BODIPY-labeled glomeruli at 84 hpf (Fig.  1G, arrows) . Moreover, in transgenic embryos carrying the T-brain 1 gene, promoter-driven EYFP gene, and the omp promoter-driven VAMP2-ECFP gene, VAMP2-ECFP signals of olfactory sensory neuron axon terminals and EYFP signals of the target cell dendrites in the olfactory bulb became merged by 50 hpf ( Fig. 1 B , D, F, H ) . These observations confirmed that the synapse formation between olfactory sensory neurons and postsynaptic cells in the olfactory bulb proceeded between ϳ50 and 84 hpf.
Synaptic vesicle accumulation in axon terminals of olfactory sensory neurons
Using VAMP2-EGFP as a reporter and microinjection technique to visualize a single neuron (Yoshida and Mishina, 2003) , we then examined the development of synaptic vesicle accumulation in axon terminals of individual olfactory neurons. In embryos injected with the control Pomp-VG vector carrying the omp promoter-driven VAMP2-EGFP construct (Fig. 2 A, top) , VAMP2-EGFP signals were distributed widely along the axon and in the growth cone at 36 hpf (Fig. 2 D) and then became gradually restricted and punctate within the axon terminals at 60 hpf (Fig. 2 E) . At 84 hpf, intense signals were localized in the axon terminals (Fig. 2 F) .
Punctate signals of VAMP2-ECFP in the axon terminals merged well with signals of Bassoon-EYFP, a presynaptic marker (tom Dieck et al., 1998; Dresbach et al., 2003) at 50 hpf and thereafter ( Fig. 2 B) . Moreover, VAMP2-ECFP puncta merged well with immunoreactive signals of endogenous syntaxin, one of target membrane soluble N-ethylmaleimide-sensitive factor (NSF) attachment protein receptor proteins, at 60 and 84 hpf (Fig. 2C ). These analyses suggest that punctate signals of VAMP2-ECFP localized near the active zone of nerve terminals. In Ͼ90% of embryos at 84 hpf, the intensity of VAMP2-EGFP signals in the axon terminals was more than five times stronger than that in the axonal shaft. Thus, we measured the developmental changes in the area in which the intensity of VAMP2-EGFP signals was five or more times stronger than that of the axonal shaft as the VAMP2-EGFP punctum. In control olfactory neurons of Pomp-VG-injected embryos, the punctate area per axon markedly increased between 36 and 60 hpf and further increased between 60 and 84 hpf (one-way ANOVA; p ϭ 3.4 ϫ 10 Ϫ11 ) ( Fig. 2G -I,P). Thus, the accumulation and punctum formation of VAMP2-EGFP signals during development are good indicators of the axon terminal maturation.
Constitutively active PKA promotes VAMP2-EGFP punctum formation in axon terminals
We next examined the effects of PKA and calcineurin signaling on synaptic vesicle accumulation during development using the double-cassette vector strategy . It is known that a constitutively active form of mouse PKA ␣ catalytic subunit (PKA*) (Orellana and McKnight, 1992) stimulates PKA signaling in zebrafish embryos (Hammerschmidt et al., 1996) . A constitutively active form of mouse calcineurin (Clipstone and Crabtree, 1992) stimulates calcineurin signaling in Xenopus embryos (Nishinakamura et al., 1997) and shares 88% amino acid identity with the corresponding region of the zebrafish counterpart. We thus constructed expression vectors, Pomp-VG-caCN and Pomp-VG-PKA*, by linking the omp promoter-driven expression vectors for caCN and PKA* with the omp promoter-driven VAMP2-EGFP fusion protein gene in the tail-to-head manner, respectively ( Fig. 2 A) . Injection of these double-cassette vectors into zebrafish embryos enabled the expression of the effector molecules (caCN and PKA*) together with the reporter (VAMP2-EGFP) in the same olfactory neurons. Olfactory sensory neurons in zebrafish embryos injected with the VAMP2-EGFP expression vector served as a control.
There were significant differences in the punctate area per olfactory sensory neuron axon among Pomp-VG-, Pomp-VGcaCN-, and Pomp-VG-PKA*-injected embryos (two-way ANOVA; expression vector effect, p ϭ 0.005; age ϫ expression vector interaction, p ϭ 0.06) (Fig. 2 D -F,J-P) . The VAMP2-EGFP punctate area in the axon terminals of Pomp-VG-PKA*-injected embryos were significantly larger than those of control Pomp-VG-injected embryos at 36 hpf (Dunnett's test; p ϭ 0.007) ( Fig. 2 M, P) . These results suggest that the stimulation of PKA signaling promoted the VAMP2-EGFP punctum formation in the axon terminals of olfactory sensory neurons. In contrast to the strong effects of constitutively active PKA, the expression of caCN did not affect the VAMP2-EGFP punctate area ( Fig.  2 
J-L,P).
Because PKA* disturbed the axon projection of olfactory sensory neurons , we examined the effects of PKA* and caCN on the terminal reach value, that is, the distance from the nasal pit to the axon terminal of olfactory sensory neurons. For visualizing dendrites and axon terminals of olfactory neurons, the tau-EGFP fusion reporter gene was fused to the caCN and PKA* effector genes to yield Pomp-TG-caCN and Pomp-TG-PKA* vectors. At 60 hpf, when axon terminals were at the target sites, terminal reach values of Pomp-TG-caCNinjected embryos (97.9 Ϯ 3.3 m; mean Ϯ SEM; n ϭ 15; five embryos) were comparable with those of control Pomp-TGinjected embryos (97.1 Ϯ 3.8 m; n ϭ 28; 11 embryos; Dunnett's test; p ϭ 0.98). On the other hand, terminal reach values of Pomp-TG-PKA*-injected embryos (108.1 Ϯ 3.4 m; n ϭ 28; nine embryos) were slightly larger than those of control Pomp-TG-injected embryos (Dunnett's test; p ϭ 0.048). These results suggest that caCN exerted little effect on the axon projection of olfactory sensory neurons, but PKA* appeared to induce overshooting of the axon terminals. Despite the slight augmenting effect on terminal reach values, PKA* stimulated the VAMP2-EGFP punctum formation.
Dominant-negative PKA suppresses VAMP2-EGFP punctum formation in axon terminals
To further examine the physiological significance of PKA signaling in synaptic vesicle accumulation at axon terminals of olfactory sensory neurons, we tested the effects of endogenous PKA suppression. It is known that a dominant-negative form of the mouse type I regulatory subunit of PKA (Clegg et al., 1987) suppresses PKA signaling in zebrafish embryos (Hammerschmidt et al., 1996) . We thus placed dnPKA in the effector-reporter cassette to yield Pomp-VG-dnPKA (Fig. 3A) . The expression of dnPKA affected the developmental changes in the VAMP2-EGFP punctate area (two-way ANOVA; expression vector effect, p ϭ 0.0002; age ϫ expression vector interaction, p ϭ 0.023) ( Fig. 3B-H ) . The VAMP2-EGFP punctate area in axon terminals of Pomp-VGdnPKA-injected embryos was significantly smaller than that of control Pomp-VGinjected embryos at 60 and 84 hpf (t test; p ϭ 0.001 and 0.022, respectively) ( Fig.  3F-H ) . Our previous study showed that the expression of dominant-negative PKA in the olfactory neuron exerted little effect on the terminal reach of olfactory sensory neurons at 50 hpf when axons stopped extension in the olfactory bulb . These results suggest that the suppression of endogenous PKA signaling hindered the VAMP2-EGFP punctum formation in axon terminals of olfactory sensory neurons during the period of synaptogenesis.
CREB regulates VAMP2-EGFP punctum formation in axon terminals
One of major PKA target proteins is CREB (Lonze and Ginty, 2002) . We thus examined the effects of suppression and activation of CREB on VAMP2-EGFP punctum formation using A-CREB as a dominantnegative inhibitor of CREB (Ahn et al., 1998) and VP16-CREB as a constitutively active CREB (Yan et al., 1994) , respectively. The A-CREB and VP16-CREB genes were placed in the effector-reporter cassette to yield Pomp-VG-ACREB and Pomp-VG-VP16CREB, respectively (Fig. 4 A) .
There were significant differences in the punctate area per olfactory sensory neuron axon among Pomp-VG-, Pomp-VG-ACREB-, and Pomp-VG-VP16CREB-injected embryos (twoway ANOVA; expression vector effect, p ϭ 8.4 ϫ 10 Ϫ12 ; age ϫ expression vector interaction, p ϭ 0.02) (Fig. 4 B-K ) . The VAMP2-EGFP punctate area in axon terminals of Pomp-VG-ACREB-injected embryos was significantly smaller than that of control Pomp-VG-injected embryos at 60 and 84 hpf (Dunnett's test; p Ͻ 0.001 and p ϭ 0.001, respectively) (Fig. 4 F, G,K ) . Consistently, the VAMP2-EGFP punctate area in the axon terminals of Pomp-VG-VP16CREB-injected embryos were significantly larger than those of control Pomp-VGinjected embryos at 36 hpf (Dunnett's test; p ϭ 0.004) (Fig. 4 H, K ) . The terminal reach values measured using tau-EGFP as a marker at 60 and 84 hpf were comparable among olfactory sensory neurons expressing A-CREB (60 hpf, 80.1 Ϯ 2.5 m, n ϭ 49, 12 embryos; 84 hpf, 83.9 Ϯ 2.5 m, n ϭ 55, 10 embryos), VP16-CREB (60 hpf, 79.0 Ϯ 1.6 m, n ϭ 45, 17 embryos; 84 hpf, 86.1 Ϯ 2.1 m, n ϭ 31, 16 embryos), or tau-EGFP alone (60 hpf, 80.8 Ϯ 2.0 m, n ϭ 48, 14 embryos; 84 hpf, 82.0 Ϯ 2.1 m, n ϭ 51, 13 embryos). These results suggest that CREB regulates the VAMP2-EGFP punctum formation in the axon terminals of olfactory sensory neurons.
To monitor the activation of endogenous CREB in the olfactory placode, we injected a reporter vector carrying the CRE promoter-driven destabilized variant of EYFP (d2EYFP) linked to the EF1␣ promoter-driven destabilized variant of ECFP (d2ECFP) (supplemental Fig. 1 A, available at www.jneurosci.org as supplemental material). The level of endogenous CREB-mediated transcription in the olfactory placode, measured as fluorescent intensity of d2EYFP, was low at 24 and 36 hpf but significantly increased at 60 hpf and remained high at 72 and 84 hpf, whereas d2ECFP signals as an internal control of the expression vector decreased gradually during development (supplemental Fig. 1 B-D , available at www. jneurosci.org as supplemental material). These results suggest the activation of endogenous CREB signaling during axon terminal differentiation of olfactory sensory neurons.
Axon terminal morphology of olfactory sensory neurons during synapse formation
Differentiation of an axonal growth cone into a nerve terminal is often accompanied by marked structural changes (Kullberg et al., 1977; Hamori and Somogyi, 1983; Dent et al., 1999) . We next analyzed the morphology of axon terminals of olfactory neurons during synaptogenesis using GAP43-EGFP as a marker, because GAP43 is enriched in the plasma membrane of axonal growth cones (Meiri et al., 1986; Skene, 1989) , and GAP43-EGFP fusion protein was targeted to the growth cone (Nakata et al., 1998) . We injected the omp promoter-driven GAP43-EGFP construct (Fig.  5A ) and visualized the morphology of axon terminals of olfactory sensory neurons. Filopodia-like protrusions were more apparent, and the framework was more complex in axon terminals at 36 and 60 hpf than those at 84 hpf (Fig. 5B-D) .
To quantify the morphological change of the axon terminals, we measured the area, perimeter, and complexity values of axon terminals labeled with GAP43-EGFP at 36, 60, and 84 hpf. These values were high at 36 and 60 hpf but significantly decreased at 84 hpf (one-way ANOVA; area, p ϭ 0.0033; perimeter, p ϭ 0.0046; complexity, p ϭ 0.0068) (Fig. 5K-M ) . The area, perimeter, and complexity values of axon terminals visualized with cytosolic EGFP-actin fusion protein were comparable with those with GAP43-EGFP at 36, 60, and 84 hpf (two-way ANOVA; expression vector effect, p ϭ 0.42 for axon terminal area, p ϭ 0.82 for axon terminal perimeter, and p ϭ 0.68 for axon terminal complexity). These results showed that the morphology of axon terminals of olfactory neurons was remodeled from large and complex shapes into small and simple shapes during development. The diameter of glomeruli visualized by BODIPY labeling (Dynes and Ngai, 1998) was at most 10.7 Ϯ 0.4 m (n ϭ 25 in lateral glomeruli of five embryos) at 84 hpf. However, the stretch of axon terminals at 60 hpf was 17.8 Ϯ 0.9 m (n ϭ 43; 28 embryos). The value decreased to 11.0 Ϯ 0.6 m (n ϭ 40; 26 embryos) by 84 hpf, which was comparable with the diameter of glomeruli. Thus, the axon terminal remodeling visualized by GAP43-EGFP is also a good indicator of the axon terminal maturation.
Constitutively active calcineurin stimulates morphological remodeling of axon terminals
We then examined the effects of caCN and PKA* on the remodeling of the axon terminal morphology of olfactory sensory neurons in the course of synaptogenesis. The omp promoter-driven caCN and PKA* genes were fused to the omp promoter-driven GAP43-EGFP fusion protein gene to yield Pomp-GG-caCN and Pomp-GG-PKA* double-cassette expression vectors, respectively (Fig. 5A) . We compared the morphology of growing axon terminals among embryos injected with Pomp-GG, Pomp-GGcaCN, and Pomp-GG-PKA* at 36, 60, and 84 hpf. The axon terminal morphology of olfactory neurons expressing caCN at 60 hpf (Fig. 5F ) became as simple as those of control axons at 84 hpf (Fig. 5D ). On the other hand, the axon terminal morphology of olfactory neurons expressing PKA* at 36 and 60 hpf was more complex than that of olfactory neurons expressing GAP43-EGFP alone (Fig. 5 B, C, H, I ). At 84 hpf, axon terminals became simple shapes with few filopodia-like protrusions in embryos injected with Pomp-GG, Pomp-GG-caCN, and Pomp-GG-PKA*.
To quantify the effects of caCN and PKA* on the axon terminal remodeling, we measured the area, perimeter, and complexity values of axon terminals labeled with GAP43-EGFP at 36, 60, and 84 hpf. There were significant differences in these parameters among Pomp-GG-, Pomp-GG-caCN-, and Pomp-GG-PKA*-injected embryos (two-way ANOVA; axon terminal area, expres- sion vector effect, p ϭ 0.0002, age ϫ expression vector interaction, p ϭ 0.028; axon terminal perimeter, expression vector effect, p ϭ 0.0001, age ϫ expression vector interaction, p ϭ 0.008; axon terminal complexity, expression vector effect, p ϭ 0.0003, age ϫ expression vector interaction, p ϭ 0.002) (Fig. 5B-M ) . The perimeter and complexity values were significantly smaller in Pomp-GG-caCN-injected embryos than in control embryos at 60 hpf (Dunnett's test; p ϭ 0.008 and 0.002, respectively) ( Fig.  5 L, M ) . Furthermore, the area, perimeter, and complexity values of Pomp-GG-caCN-injected embryos at 60 hpf were comparable with those of control embryos at 84 hpf. There were no significant differences in the area, perimeter, and complexity values between Pomp-GG-and Pomp-GG-caCN-injected embryos at 84 hpf. These results suggest that the stimulation of calcineurin promoted the remodeling of axon terminal morphology of olfactory sensory neurons.
The perimeter and complexity values of axon terminals of olfactory sensory neurons in embryos injected with Pomp-GG-PKA* vector were significantly larger than those in embryos injected with control Pomp-GG vector at 36 hpf (Dunnett's test; p ϭ 0.044 and 0.026, respectively) ( Fig. 5 L, M ) . This suggests that PKA signaling may be involved in the regulation of growth cone morphology at the axon pathfinding stage. The area, perimeter, and complexity values of axon terminals of olfactory sensory neurons at 60 hpf were also significantly larger in Pomp-GG-PKA*-injected embryos than in control GG-injected embryos (Dunnett's test; p ϭ 0.001, 0.003, and 0.011, respectively) ( Fig.  5K-M ) . At 84 hpf, the area, perimeter, and complexity values were comparable between Pomp-GG-PKA*-and Pomp-GGinjected embryos (Fig. 5K-M ) . The complexity value of growth cones expressing dominant-negative PKA (112.7 Ϯ 9.8; n ϭ 40; 29 embryos) was significantly smaller than that of control growth cones expressing GAP43-EGFP alone (145.6 Ϯ 11.2; n ϭ 33; 27 embryos) at 36 hpf (t test; p ϭ 0.03). However, the expression of dnPKA exerted little effect on the complexity at 60 and at 84 hpf (data not shown). These results suggest that PKA signaling regulates the growth cone morphology at the axon pathfinding stage but is not involved in the control of axon terminal remodeling during synaptogenesis. Expression of A-CREB or VP16-CREB exerted no significant effects on the morphological remodeling (two-way ANOVA; expression vector effect, p ϭ 0.46, 0.62, and 0.68 for axon terminal area, perimeter, and complexity, respectively; age ϫ expression vector interaction, p ϭ 0.88, 0.85, and 0.84 for axon terminal area, perimeter, and complexity, respectively).
Pharmacological suppression of calcineurin prevents axon terminals from morphological change
To further examine the physiological significance of calcineurin signaling in the morphological change of axon terminals during the course of development, we tested the effects of cyclosporine A, an immunosuppressive drug that inhibits calcineurin through cyclophilin in wide variety of species (Liu et al., 1991; Kunz and Hall, 1993) . Zebrafish embryos injected with Pomp-GG vector were soaked in a suspension of cyclosporine A from 30 to 84 hpf. The cyclosporine A treatment caused no apparent effects on the gross morphology of embryos. The labeled axon terminals of olfactory neurons were imaged by a confocal microscope at 60 and 84 hpf. The axon terminals of olfactory sensory neurons in mock-treated embryos were remodeled to simple shapes from 60 to 84 hpf (Fig. 6 A, B) , as those in untreated embryos (Fig. 5C,D) . Accordingly, the area, perimeter, and complexity values significantly decreased from 60 to 84 hpf in mock-treated embryos (t test; p ϭ 0.012, 0.0015, and 0.00073, respectively). The treatment with cyclosporine A, however, suppressed the remodeling of axon terminals from complex to simple shapes as indicated by very complex shapes of axon terminals with many filopodia even at 84 hpf (Fig. 6C,D) . Consistently, the area, perimeter, and com- plexity values were comparable between 60 and 84 hpf in cyclosporine A-treated embryos (t test; p ϭ 0.35, 0.64, and 0.098, respectively). The olfactory sensory neurons of cyclosporine A-treated embryos showed a significantly higher complexity value in axon terminal morphology at 60 hpf than those of mock-treated embryos (t test; p ϭ 0.044) (Fig. 6G) . Furthermore, at 84 hpf, the area, perimeter, and complexity values were all significantly larger in cyclosporine A-treated embryos than in mock-treated embryos (t test; p ϭ 0.026, 1.2 ϫ 10 Ϫ5 , and 1.1 ϫ 10 Ϫ6 , respectively) (Fig. 6 E-G) . The terminal reach values of cyclosporine A-treated embryos at 60 hpf (79.5 Ϯ 2.8 m; n ϭ 24; 11 embryos) and 84 hpf (87.9 Ϯ 5.0 m; n ϭ 14; five embryos) were comparable with those of mock-treated embryos at 60 hpf (78.0 Ϯ 2.0 m; n ϭ 28; nine embryos; t test; p ϭ 0.65) and 84 hpf (83.7 Ϯ 2.0 m; n ϭ 39; nine embryos; t test; p ϭ 0.45), respectively. Moreover, there were no significant differences in VAMP2-EGFP punctate area between cyclosporine A-and mocktreated embryos at 84 hpf (mock treatment, 6.53 Ϯ 0.42 m 2 , n ϭ 36, 22 embryos; cyclosporine A treatment, 5.64 Ϯ 0.43 m 2 , n ϭ 41, 23 embryos; t test; p ϭ 0.15). Thus, the treatment of cyclosporine A from 30 to 84 hpf appeared to exert little effect on axon projection and synaptic vesicle accumulation. These results suggest that the suppression of calcineurin by cyclosporine A prevented the remodeling of axon terminal morphology from large and complex shapes to small and simple shapes between 60 and 84 hpf. These results further support the idea that calcineurin regulates the morphological maturation of axon terminals of olfactory sensory neurons.
NFAT activation is required for the morphological change of axon terminals
One of major calcineurin target proteins is the transcription factor NFAT, which is expressed at high levels in the axon terminals of murine olfactory sensory neurons (Jain et al., 1993; Ho et al., 1994) . We thus examined the morphological remodeling of axon terminals in response to the suppression of NFAT activation by calcineurin. A potent immunosuppressive VIVIT peptide is derived from the calcineurin docking motif of mammalian NFAT (PxIxIT; x, any amino acid) and GFP-VIVIT fusion protein selectively inhibits NFAT activation without disrupting other calcineurin-dependent pathways (Aramburu et al., 1999) . GST-VIVIT fusion protein also suppresses NFAT activation (Namiki et al., 2003) . Because zebrafish NFATs also have conserved PxIxIT motif (http://www.ensembl.org/Danio rerio), we constructed GST-VIVIT and GST-scrambled VIVIT-CP fusion genes and placed them in the effector-reporter cassette to obtain Pomp-GG-GST-VIVIT and Pomp-GG-GST-CP, respectively (Fig. 7A) .
The axon terminals of olfactory sensory neurons in control embryos injected with Pomp-GG-GST-CP were remodeled to simple shapes during development (one-way ANOVA; axon terminal area, p ϭ 7.7 ϫ 10 Ϫ6 ; axon terminal perimeter, p ϭ 7.4 ϫ 10 Ϫ6 ; axon terminal complexity, p ϭ 4.1 ϫ 10 Ϫ5 ) (Fig.  7 B, C,F-H ) as those in Pomp-GG-injected embryos (Fig. 5C,D) . In contrast, the axon terminals of olfactory sensory neurons in embryos injected with Pomp-GG-GST-VIVIT showed no morphological changes during development (one-way ANOVA; axon terminal area, p ϭ 0.2; axon terminal perimeter, p ϭ 0.7; axon terminal complexity, p ϭ 0.95) (Fig. 7 D-H ). There were significant differences in developmental changes of the axon terminal area, perimeter, and complexity between Pomp-GG-GST-VIVIT-and Pomp-GG-GST-CP-injected embryos (two-way ANOVA; axon terminal area, expression vector effect, p ϭ 5.9 ϫ 10 Ϫ4 , age ϫ expression vector interaction, p ϭ 0.013; axon terminal perimeter, expression vector effect, p ϭ 1.7 ϫ 10 Ϫ4 , age ϫ expression vector interaction, p ϭ 0.013; axon terminal complexity, expression vector effect, p ϭ 2.4 ϫ 10 Ϫ4 , age ϫ expression vector interaction, p ϭ 0.033) (Fig. 7B-H ) . The area, perimeter, and complexity values were significantly larger in Pomp-GG-GST-VIVIT-injected embryos than in control Pomp-GG-GST-CP-injected embryos at 84 hpf (t test; p ϭ 1.7 ϫ 10 Ϫ5 , 6.4 ϫ 10 Ϫ6 , and 9.7 ϫ 10 Ϫ6 , respectively) ( Fig. 7F-H ) . The terminal reach values measured using tau-EGFP as a marker at 60 and 84 hpf were comparable between olfactory sensory neurons express- ing GST-VIVIT (60 hpf, 82.2 Ϯ 1.8 m, n ϭ 47, 11 embryos; 84 hpf, 90.9 Ϯ 2.4 m, n ϭ 44, 11 embryos) and GST-CP (60 hpf, 82.5 Ϯ 2.1 m, n ϭ 47, 13 embryos; 84 hpf, 86.1 Ϯ 2.9 m, n ϭ 42, 10 embryos). Moreover, expression of GST-VIVIT in the olfactory sensory neurons exerted no significant effects on VAMP2-EGFP punctate area at 84 hpf (control, 6.53 Ϯ 0.42 m 2 , n ϭ 36, 22 embryos; GST-VIVIT expression, 5.99 Ϯ 0.6 m 2 , n ϭ 38, 23 embryos; t test; p ϭ 0.46). These results suggest that the activation of NFAT by calcineurin is essential for the morphological remodeling of olfactory sensory neuron axon terminals.
Discussion
Synaptic vesicle accumulation and morphological change are the hallmarks of axon terminal maturation during synapse formation. Here, we show that the two events are regulated by distinct signaling systems.
PKA-CREB signaling regulates synaptic vesicle accumulation at axon terminals VAMP2-EGFP is a well characterized marker of synaptic vesicles (Miesenbock et al., 1998; Nonet, 1999; Ahmari et al., 2000) . We found that the area of VAMP2-EGFP punctum in olfactory sensory neurons markedly increased between 36 and 84 hpf. Punctate VAMP2-ECFP signals in the axon terminals of olfactory sensory neurons merged well with signals of Bassoon-EYFP and endogenous syntaxin, indicating their localization near the active zone of presynaptic nerve terminals (tom Dieck et al., 1998; Dresbach et al., 2003) . The expression of constitutively active calcineurin exerted little effect on the development of VAMP2-EGFP puncta. In contrast, we found that constitutively active PKA increased the area of VAMP2-EGFP puncta at 36 hpf during axon pathfinding stage. Consistently, dominant-negative PKA suppressed the VAMP2-EGFP punctum formation at 60 and 84 hpf during synaptogenesis. Our previous studies showed that PKA* slightly increased the terminal reach of olfactory sensory neurons at 50 hpf when axons stopped extension, whereas the expression of dominant-negative PKA exerted little effect on the terminal reach . If PKA* would induce overshooting of axon terminals, synaptic vesicle accumulation associated with synaptogenesis could be delayed. However, PKA* stimulated the VAMP2-EGFP punctum formation despite the slight disturbing effects on the target projection. Thus, the opposite effects of constitutively active and dominant-negative PKAs on the VAMP2-EGFP punctum formation suggest that PKA activity is an important regulator of synaptic vesicle accumulation in axon terminals.
We also found that the expression of constitutively active CREB increased the area of VAMP2-EGFP puncta at 36 hpf, and the expression of dominant-negative CREB suppressed the VAMP2-EGFP punctum formation at 60 and 84 hpf during synaptogenesis without affecting axon projection. The consistent effects of the activation and suppression of PKA and CREB on VAMP2-EGFP punctum formation suggest that PKA regulates synaptic vesicle accumulation in axon terminals through activation of CREB. PKA substrates in the axon terminal may also mediate PKA regulation of synaptic vesicle accumulation in concert with CREB signaling in the nucleus. In fact, various synaptic vesicle and active zone proteins including synapsins, soluble NSF attachment protein (␣SNAP), synaptosome-associated protein of 25 kDa, and RIM1␣ are the substrates for PKA (Südhof et al., 1989; Hirling and Scheller, 1996; Risinger and Bennett, 1999; Lonart et al., 2003) . Synapsins interact with both cytoskeletal elements and synaptic vesicles in a phosphorylation-dependent manner and play a role in vesicle clustering in the reserve pool (Schiebler et al., 1986; Benfenati et al., 1992; Pieribone et al., 1995; Hosaka et al., 1999) . In addition, phosphorylation by PKA of kinesin, one of anterograde motor proteins that transport synaptic vesicles to the axon terminal, reduces the ability of kinesin to bind synaptic vesicles (Hirokawa et al., 1991; SatoYoshitake et al., 1992) .
Cumulative evidence suggests that PKA-CREB signaling regulates plastic changes in presynaptic function. For example, long-term facilitation of synaptic transmission between cultured sensorymotor neurons of Aplysia is repressed by injection of oligonucleotides containing CRE-binding sites into the nucleus of presynaptic sensory neurons (Dash et al., 1990) . In addition, presynaptic cAMP mediates long-term potentiation at the mossy fiber synapses in the rat hippocampal CA3 region (Huang et al., 1994) . The expression of dCREB2-b, a CREB repressor, in Drosophila dunce mutants suppresses the increase in quantal content at the neuromuscular junction, but the expression in wild-type flies exerts no effect on the quantal content, suggesting that CREB is required for cAMP-dependent presynaptic enhancement but not for synaptic maturation during development (Davis et al., 1996) . However, our results show that the expression of dnPKA or A-CREB suppresses VAMP2-EGFP punctum formation in axon terminals of olfactory sensory neurons during synapse formation. Thus, the present investigation sheds light on a novel role of PKA-CREB signaling in maturation of presynaptic terminals during development.
Calcineurin-NFAT signaling regulates axon terminal remodeling
By labeling with GAP43-EGFP, we found that axon terminals of olfactory sensory neurons drastically changed their morphology during development from complex shapes with many filopodia at 60 hpf to simple shapes without filopodia at 84 hpf. Accordingly, the stretches of the axon terminals decreased from 60 to 84 hpf. The stretch at 84 hpf was comparable with the diameter of glomeruli visualized by BODIPY labeling (Dynes and Ngai, 1998) . Because synaptogenesis started at ϳ50 hpf, the decrease in the stretch of axon terminals from 60 to 84 hpf may reflect the refinement and maturation of axon terminals. The glomerulus structures became apparent by 84 but not at 48 hpf (Dynes and Ngai, 1998) . Thus, the axon terminal remodeling probably followed the initial stage of synapse formation.
The expression of constitutively active calcineurin in olfactory sensory neurons reduced the perimeter and complexity values of axon terminals at 60 hpf to those in control embryos at 84 hpf. On the other hand, the perimeter and complexity values remained unaltered at 36 and 84 hpf. Because the expression of constitutively active calcineurin hardly affected the terminal reach value of olfactory neuron axons, it is unlikely that its effect on the axon terminal morphology at 60 hpf is because of alterations in the axon extension and target selection. Suppression of endogenous calcineurin with cyclosporine A inhibited the reduction in the perimeter and complexity values of axon terminals during development from 60 to 84 hpf. The opposite effects of constitutively active calcineurin and cyclosporine A suggest that calcineurin activity is required for the axon terminal remodeling of olfactory sensory neurons in vivo. The expression of GST-fused VIVIT peptide that specifically blocks the activation of nuclear transcription factors of the NFAT family by calcineurin suppressed the remodeling of axon terminals between 60 and 84 hpf. These results suggest that calcineurin regulates the remodeling of axon terminals of olfactory sensory neurons through NFAT-mediated signaling. Because NFAT acts as a transcription factor (Graef et al., 2001) , the remodeling of axon terminals of olfactory sensory neurons may require gene expression. Besides nuclear transcription, some molecules in the axon terminal may also mediate calcineurin regulation of axon terminal remodeling in concert with NFAT signaling. In fact, GAP43 enriched in growth cones is a substrate for calcineurin (Liu and Storm, 1989) , and dephosphorylated GAP43 inhibits actin filament polymerization (He et al., 1997) . Furthermore, Tau and microtubule-associated protein 1B (MAP1B), which regulate the microtubule organization, are also dephoshorylated by calcineurin (Ulloa et al., 1993; Billingsley and Kincaid, 1997) . Interestingly, mutation of the Drosophila MAP1B homolog gene futsch disturbed synaptic microtubule organization and increased the size of synaptic bouton Roos et al., 2000) .
Calcineurin stimulates or inhibits neurite outgrowth of cultured neurons (Lyons et al., 1994; Chang et al., 1995; Lautermilch and Spitzer, 2000) . Mutant mice lacking NFATc2, c3, and c4 have defects in peripheral axon projections from the dorsal root ganglion and trigeminal ganglion and in projection of spinal commissural axons (Graef et al., 2003) . In our study, however, inhibition of calcineurin and NFAT did not affect the axon extension and projection of olfactory neurons as evaluated by terminal reach values. Because the axon extension of zebrafish olfactory neurons start by 22 hpf , cyclosporine A treatment after 30 hpf and omp-promoter driven GST-VIVIT peptide expression may be too late to affect the initial stage of axon extension. The present investigation highlights a key regulatory role of calcineurin-NFAT signaling in the morphological change of axon terminals during synaptogenesis.
The expression of constitutively active PKA increased the area, perimeter, and complexity values of axon terminals of olfactory neurons at 36 and 60 hpf. These values of olfactory sensory neurons at 84 hpf, however, decreased to levels comparable with those in control axons at 84 hpf. The dominant-negative PKA decreased the complexity at 36 hpf but exerted little effect at 60 and 84 hpf. It is likely that PKA regulates the growth cone morphology in the axon pathfinding stage but is not involved in the remodeling of axon terminal morphology at the synaptogenesis stage. The morphological changes of axon terminals at 36 and 60 hpf induced by PKA modulation may be ascribed to the disturbance of axon pathfinding, because PKA activity regulates growth cone responsiveness to guidance molecules (Song and Poo, 1999; Yoshida et al., 2002) .
Activation of calcineurin signaling and PKA signaling should be coordinated in axon terminals Our results provide evidence that PKA-CREB signaling is important for the synaptic vesicle accumulation in axon terminals, and calcineurin-NFAT signaling regulates the morphological remodeling of axon terminals of zebrafish olfactory sensory neurons during synapse formation (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). Thus, two distinct signaling systems control two representative events of axon terminal maturation independently. Requirement of CREB and NFAT activation indicates the importance of gene transcription for the presynaptic differentiation. To orchestrate the presynaptic differentiation, however, there should be a mechanism that coordinates the two signaling systems. Ca 2ϩ /calmodulin required for the activation of calcineurin (Klee et al., 1979) can also activate adenylyl cyclases of type 1, 3, and 8 (Mons et al., 1999) . It is known that type 3 adenylyl cyclase is enriched in mouse olfactory sensory neurons (Bakalyar and Reed, 1990) . Thus, Ca 2ϩ /calmodulin is a candidate molecule that coordinates the calcineurin-NFAT and PKA-CREB signaling in axon terminals (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). Another candidates are target-derived factors such as WNT-7a and FGF22, which induce presynaptic differentiation (Hall et al., 2000; Umemori et al., 2004) . Although intracellular signaling mediated by these molecules are not fully elucidated, CREB and NFAT may be master downstream targets of these signals. In concert with these transcriptional factors, PKAphosphorylated and calcineurin-dephosphorylated molecules localized in the axon terminal would also mediate synaptic vesicle accumulation and axon terminal remodeling. In addition, such molecules may act as synaptic tags (Frey and Morris, 1997) for recruiting newly synthesized proteins to Ca 2ϩ /calmodulinactivated terminals. The neuron-and stage-specific expression of both effector and reporter molecules in combination with in vivo observation of a single neuron in living zebrafish embryos will provide a useful tool for the elucidation of molecular mechanisms underlying synapse formation and synapse dynamics.
